A criticAl issue in cancer therapy is characterizing the trade-off between the intensity of treatment and its long-term effects. This understanding is integral to providing care that maximizes cure rates while mini-mizing negative sequelae. Children with brain tumors are a particularly informative population in which to study this interplay, and they stand to benefit from treatment adjustment. In 2 medulloblastoma patient cohorts, we evalu-aBBreViatiOnS AD = axial diffusivity; CSI = craniospinal irradiation; CSI+PF = CSI plus posterior fossa; CSI+TB = CSI plus tumor bed; DTI = diffusion tensor imaging; FA = fractional anisotropy; FOV = field of view; FSL = Functional MRI of the Brain Software Library; MD = mean diffusivity; MNI = Montreal Neurological Institute; RD = radial diffusivity; ROI = region of interest; TBSS = tract-based spatial statistics.
ated the relations between white matter architecture and 1) radiation treatment intensity (i.e., protocols that deliver varying degrees of radiation to the brain) and 2) radiation dose distributions.
Medulloblastoma is the most common childhood malignant CNS tumor, accounting for 50% of all posterior fossa tumors. 23 Current treatment protocols include surgery, craniospinal irradiation (CSI) with a boost to the tumor site, and chemotherapy. Although this therapeutic combination is life-saving, it contributes to long-term physical, endocrinological, and neuropsychological impairments in the survivors. 20 CSI treatment for medulloblastoma contributes to white matter damage, and dose-dependent volumetric and structural changes have been reported. 11, 15, 21, 26 However, the impact of clinically relevant CSI dose and boost volume combinations on region-specific white matter architecture is unknown. It is also unclear if reduced radiation preserves white matter. To bridge these gaps, we used diffusion tensor imaging (DTI) to compare white matter architecture as a function of the radiation treatment protocol and radiation dose.
Historically, patients with medulloblastoma were stratified into average-or high-risk disease groups. 23 A lack of neuraxis dissemination and/or no minimal residual tumor following surgery characterizes average-risk disease. 18 Typically, average-and high-risk patients receive reduced-(i.e., 2340 cGy) or standard-dose CSI (i.e., 3600 cGy) to the neuraxis, respectively. 23 Initially, CSI was followed by a boost to the entire posterior fossa, but the past 2 decades have seen the development of conformal techniques that limit radiation delivery to the tumor bed. 35 Event-free survival in children treated with posterior fossa boost compared with tumor bed boost is uncertain, but this is the focus of The Children's Oncology Group ACNS0331 trial. The posterior fossa boost delivers more radiation to structures located outside the targeted area, especially the temporal lobes, than a boost to the tumor bed. 35 Thus, with these CSI doses and boosts, there is only 1 combination that considerably limits radiation exposure to the brain: reduced-dose CSI plus tumor bed (CSI+TB) boost. Although overall white matter volume changes have been documented as a function of conventional versus reduced radiation dose, 26 we are the first to use DTI to evaluate the impact of radiation on white matter according to treatment protocols that differ in terms of boost volume and to also consider the dose distributions.
DTI generates quantifiable indices based on the displacement and directionality of water, and its properties are thought to reflect white matter organization. 3 These indices include fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity (AD). 9 Lower FA and higher MD/AD/RD values are thought to signify compromised myelin sheath integrity and axonal degeneration. 31 For instance, as white matter becomes less organized, diffusion perpendicular to the fiber increases and the FA value decreases. 22 Moreover, increasing AD correlates with axonal damage, 32 and increasing RD is a sensitive marker of demyelination. 8 This level of architectural detail cannot be gleaned from volumetric studies of white matter.
Regional differences must be considered to appropri-ately capture the effect of radiation on white matter. During CSI, no brain regions are shielded from radiation; however, not all structures are equally susceptible to radiation-induced damage. Brain regions that harbor stem and progenitor cells that continue to undergo neurogenesis are known to be particularly sensitive. 4 Structures and tracts with long periods of development may also be especially vulnerable to insult during childhood. Whole-brain white matter volume increases during childhood and adolescence, 13 and prefrontal cortex myelination continues into the 3rd decade of life. 34 To the best of our knowledge, the present study is the first to evaluate the effect of clinically relevant CSI dose and boost volume combinations and to consider the continuous effect of radiation dose distribution on white matter architecture using DTI. We expect that treatment with reduced-dose CSI+TB boost will be accompanied by less white matter damage 11, 15, 21, 26 and possibly white matter sparing.
Methods

Participants
Thirty-four children treated for medulloblastoma between 1998 and 2012 at the Hospital for Sick Children (SickKids; Toronto, Ontario, Canada) and 38 healthy control children participated. We evaluated the impact of the treatment intensity protocols in this cohort. In a separate cohort of 15 patients, we evaluated the dose-distribution effects. The demographic variables of these cohorts are summarized in Tables 1 and 2 . Patients were excluded if they had recurrent disease or premorbid neurological disorders or were receiving palliative care. Controls were free of neurological or clinical disorders and had normal findings on MRI scans (confirmed by a neuroradiologist [S.L.]). Patients were informed of this study via mailed letters, or during routine clinic visits when applicable. Controls were recruited from the community, were siblings of patients, or were family members of the SickKids staff. This study was approved by our research ethics board. Prior to participation, parents provided written informed consent and children provided assent.
Patient treatment information
Radiation Therapy
All patients were treated with photon beam CSI and received either a standard (3060-3940 cGy) or reduced (1800-2340 cGy) dose. Due to treatment protocol changes, patients seen before 2006 received a lateral-beam boost to the posterior fossa, whereas from 2006 onwards patients routinely received an intensity-modulated radiation therapy boost with a 1-cm margin around the tumor bed (SJMB03 protocol). We leveraged this protocol change and divided patients into those treated with 1) the least intensive radiation protocol (i.e., reduced-dose CSI+TB boost) and 2) any other dose and boost combination that delivered more radiation to the brain (i.e., "all-other-treatments" [standard-dose CSI plus posterior fossa (CSI+PF) boost, reduced-dose CSI+PF boost, and standard-dose CSI+TB boost]). The medical variables are summarized in Table 1 . 
Chemotherapy
Patients were treated with a number of different protocols (SJMB03, POG9631, CCG9961, MOPP, and ACNS0331) and received different chemotherapeutic agents as a result. The number of patients treated with each protocol, and the agents used in each, are provided in Tables 1 and 2 . During radiation therapy, patients treated with the POG9631 protocol received oral etoposide, patients treated with the CCG9961 protocol received weekly vincristine, and patients treated with the ACNS0331 protocol received weekly vincristine. Patients treated with the SJBM03 and MOPP protocols did not receive concurrent chemotherapy during radiation therapy. All patients received chemotherapy after radiation therapy.
neuroimaging Protocol
MRI was performed at SickKids using either a GE LX 1.5-T MRI scanner with an 8-channel head coil or a Siemens 3-T whole-body MRI scanner (Trio Tim syngo MR B17 system) with a 12-channel head coil. The GE LX 1.5-T MRI protocol included a 3D T1-weighted, fast spoiled, gradient-echo, inversion recovery-prepared sequence (TI 400 msec; TE/TR 4.2/10.056 msec; 116-124 contiguous axial slices; flip angle 20°; 256 × 192 matrix interpolated to 256 × 256; FOV 240 × 240 mm; slice thickness 1.5 mm) and a diffusion-weighted single-shot spin-echo DTI sequence with an echo planar imaging readout (25-31 directions; b = 1000 s/mm 2 ; TE/TR 85.5/15,000 msec; 45-50 contiguous axial slices, flip angle 90°; 128 × 128 matrix interpolated to 256 × 256; FOV 240 × 240 mm; slice thickness 3 mm). The Siemens 3-T MRI protocol used a T1 AX 3D MPRAGE Grappa 2 protocol (TI 900 msec; TE/TR 3.91/2300 msec; 160 contiguous axial slices; flip angle 9°; 256 × 224 matrix; FOV 256 × 224 mm; voxel size = 1 mm isotropic) and diffusion-weighted, single-shot, spin-echo DTI sequence with an echo planar imaging readout (30 directions; b = 1000 s/mm 2 ; TE/TR 90/9000 msec; 70 contiguous axial slices; flip angle 90°; 122 × 122 matrix interpolated to 244 × 244; FOV 244 × 244 mm; voxel size = 2 mm isotropic). The MRI images were eddy-corrected for current distortions, and the DTI indices (FA/MD/AD/RD) were calculated using the Functional MRI of the Brain (FMRIB) Software Library (FSL) (version 4.1.8). 30 Patients underwent scanning at 1.5 T or 3 T based on their radiological indications or cohort. Scanning 1 individual at both 1.5 T and 3 T revealed signalto-noise ratios of 28.5 and 70.7, respectively, for the zero diffusion-weighted images. We thus matched the groups for scanner type, and we included the MRI scanner type as a covariate in the regional and TBSS analyses of the imaging data to control for signal-to-noise ratio differences across the 1.5-T and 3-T scanners.
analytical Plan
First, medical and demographic variables were compared between groups using chi-square tests, t-tests, or 1-way ANOVA, as appropriate. The p values for all comparisons are provided in Table 1 . Next, we evaluated the relationship between white matter and clinically relevant protocols using regional white matter and tract-based spa-tial statistics (TBSS) analyses, controlling for variables that differed between groups where appropriate. Lastly, we evaluated the relationship between FA, dose, age at diagnosis, and time since diagnosis in a voxel-wise manner. Regional Analyses T1-weighted images were segmented into gray matter, white matter, and CSF using FSL-FMRIB's Automatic Segmentation Tool. 39 White matter segmentations included 8 cerebral regions (i.e., bilateral frontal, parietal, temporal, and occipital) and 4 posterior fossa regions (i.e., pons, vermis, and bilateral cerebellar hemispheres) based on a template modified from Kabani et al. 10 as defined by Mabbott et al. 16 Using affine transformation, this template was applied to produce white matter segmentations for all participants, then transformed into DTI space using linear and nonlinear transformations. 36, 37 Collapsing across hemispheres for the frontal, temporal, parietal, and occipital regions and across posterior fossa regions yielded 5 regions of interest (ROIs). Due to individual variations in brain volume, the total number of voxels in each ROI differed across participants.
As DTI indices are non-orthogonal, we conducted multivariate ANOVA to compare FA/MD/AD/RD for each white matter ROI between healthy controls and both patient groups. We followed up with a series of univariate ANOVA analyses between the patient groups, as defined above, and between patients treated with a reduced dose only to directly compare the tumor bed and posterior fossa boosts. Including covariates was deemed an appropriate method to correct for the effects of the demographic and treatment variables on our outcome measures because they overlapped in our groups. 14 All post hoc pairwise comparisons were Bonferroni corrected.
TBSS Analyses
Voxel-wise analyses were conducted with TBSS. 29 All subjects' FA data were aligned into a common space (MNI152; Montreal Neurological Institute [MNI]) using the nonlinear registration tool FNIRT. 1,2 Then, a crosssubject mean FA image was created and used to generate a "skeleton" FA map to represent the center that was common to all tracts and thresholded at FA > 0.20. Finally, participant-specific FA maps were aligned with the skeleton, and values along the width of each tract were considered in the cross-subject voxel-wise statistics with clusters defined by T > 3.
TBSS controls for family-wise errors by using a permutation methodology. The null distribution of the clustersize statistic was built up over 5000 random permutations. Cluster size was thresholded at p < 0.05, which is fully corrected for multiple comparisons. A mask was made for each significant cluster, and the anatomical extent of each was labeled with reference to MNI's structural atlas and Johns Hopkins University's white matter tractography atlas. 7, 17 
Voxel-Wise Dose-Distribution Analyses
White matter was segmented as described in the regional analyses section above. The dose-distribution maps from treatment planning were coregistered with the patients' FA images and then aligned into the common space. Each voxel thus had a corresponding radiation dose and FA value. Each brain region was exposed to a different range of radiation doses, as follows: frontal, 1871 to 5423 cGy; temporal, 2013 to 5755 cGy; parietal, 1863 to 5557 cGy; occipital, 1912 to 5820 cGy; and posterior fossa, 2450 to 5987 cGy. There was considerable variation in the number of voxels exposed to the different doses within each region (Fig. 1) . We performed linear mixed-effects analyses to evaluate the relationships between dose, age at diagnosis, time since diagnosis, and FA in the temporal and occipital regions only (i.e., brain regions containing sufficient voxels that were exposed to a wide range of radiation doses) (see Fig. 1 ). Dose, age at diagnosis, and time since diagnosis were entered as fixed effects, and random intercepts were included for participants. We conducted a series of model comparisons and evaluated the added contribution of each significant fixed effect. The p values were obtained from the likelihood ratio tests that compared the full model with the effect of interest to a model without these effects.
results
Participant and treatment information
Age at scan differed between the 3 groups (p = 0.03), and age at diagnosis and time since diagnosis differed between the patient groups (all p < 0.005). Given that DTI indices change with age 38 and that age at diagnosis and time since diagnosis may contribute to poor outcome in patients, 23 we controlled for these variables in the subsequent analyses where appropriate. Because we deliberately stratified patients according to treatment protocol, the patient groups differed in terms of clinical risk, craniospinal irradiation, and chemotherapy (all p < 0.001). These variables were not controlled for in the subsequent analyses.
regional analyses
White Matter of Patients Treated With Higher Intensity Radiation Protocols Differs From Healthy Controls in All Brain Regions
Significant multivariate main effects were found for the DTI indices in all brain regions (all F(8,130) > 2.19; all p < 0.03) and were qualified by the significant univariate effects and pairwise comparisons. The all-other-treatments group had lower FA and higher RD relative to controls in all brain regions (all p < 0.05; Fig. 2A ) and higher MD in the temporal, occipital, and posterior fossa regions (all p < 0.05). The reduced-dose CSI+TB boost group had higher FA values relative to the all-other-treatments group in the temporal, parietal, occipital, and posterior fossa regions (all p < 0.005), lower RD in the temporal and occipital regions (all p < 0.005; Fig. 2A ), and lower MD in the temporal region (p < 0.001). Notably, FA did not differ between the controls and patients in the reduced-dose CSI+TB boost group in any brain region (all p > 0.05). RD and MD were higher in the reduced-dose CSI+TB boost group than in controls in only the posterior fossa (all p < 0.05; Fig.  2A ). No group differences in AD emerged. MRI scanner type and age at scan were included as covariates in these analyses.
White Matter Differs Between Patient Groups
We limited our analyses to FA and RD, as these indices showed the most robust differences in the analyses, including controls. Relative to the patients in the all-other-treatments group, patients treated with reduced-dose CSI+TB boost had higher FA (F = 4.2; p = 0.05) and lower RD (F = 4.68; p = 0.04) in the temporal region and higher FA in the frontal region (F = 4.78; p = 0.04; Fig. 2B ). Comparing patients treated with reduced doses revealed that receiving a tumor bed versus a posterior fossa boost was associated with higher FA in the occipital region (F = 4.42; p = 0.05) and lower RD in the frontal (F = 5.07; p = 0.04), temporal (F = 5.22; p = 0.03), and occipital (F = 10.24; p = 0.005) regions (Fig. 2C ). MRI scanner type, age at scan, age at diagnosis, and time since diagnosis were included as covariates in these analyses.
tBSS
Treatment With Reduced-Dose CSI+TB Boost Spares White Matter
FA and RD differed between the patients and controls in many white matter tracts throughout the brain (all F > 9; all p < 0.001). Post hoc pairwise comparisons revealed that many voxels in the all-other-treatments group had lower FA and higher RD values when compared with controls (all T > 2.05; all p < 0.001; Fig. 3A ; Table 3 ), and patients treated with reduced-dose CSI+TB boost had lower FA and higher RD values when compared with controls (all T > 1.9; all p < 0.01; Fig. 3B ; Table 3 ). Patients in the reduced-dose CSI+TB boost group had many voxels with higher FA and lower RD than patients in the all-other-treatments group (all T > 1.84; p < 0.01; Fig. 3C ; Table 3 ), but there were no instances where the reverse was true. This last comparison did not remain significant when age at diagnosis and time since diagnosis were included as covariates. For visualization purposes, TBSS maps were overlaid on representative dose distributions, highlighting that differences between patient groups were largely confined to the brain regions that were exposed to the maximum dose (i.e., ~ 5500 cGy) following posterior fossa boost. Identical brain regions were exposed to less radiation (i.e., ~ 3200 cGy) following tumor bed boost (Fig. 4) .
Voxel-wise Dose-Distribution analyses
Across voxels in the temporal and occipital regions, decreasing dose and increasing age at diagnosis were associated with increasing FA (all T > 2.47; all p < 0.05; Table 4 ). In the temporal region, the model that included age at diagnosis and dose together was a better predictor of FA than models that included either variable alone (all p < 0.005). In the occipital region, the model that included age at diagnosis and dose together was a better predictor of FA than age at diagnosis alone (all p < 0.001), but not a better predictor than dose alone (all p > 0.05; Table 4 ). Time since diagnosis never predicted FA.
Discussion
As new stratification and dose de-escalation strategies are considered in the treatment of medulloblastoma, it is important to understand the implications of reducing treatment. We evaluated the relation between radiation exposure and white matter architecture by comparing the following: 1) DTI indices between healthy controls and a cohort of patients treated with different clinically relevant protocols and 2) voxel-wise dose-distribution effects in the temporal and occipital regions in a separate patient cohort. We observed that 1) treatment with reduced-dose CSI+TB boost may spare white matter and that 2) decreasing radiation dose predicts white matter sparing.
Regional white matter analyses revealed that reduceddose CSI+TB treatment was associated with higher FA and lower RD in the temporal region and higher FA in the Fig. 1 . Histograms depicting the number of voxels exposed to specific radiation doses in each brain region. a: The temporal and occipital regions contained many voxels that were exposed to different doses of radiation. These brain regions were included in the linear mixed-effects model comparisons designed to evaluate the continuous effect of dose on FA (see Table 4 ). B: The majority of the voxels in the frontal, parietal, and posterior fossa regions were exposed to the same dose, and the linearity assumption was violated as a result. These brain regions were not included in the linear mixed-effects model comparisons. Each brain region contained all the voxels from the patients in our sample (n = 15; see Table 2 ). For each graph, the upper limit of the y-axis was set to the total number of voxels included for that brain region.
frontal region than all other treatments, even when controlling for variables that differed between patient groups. Specifically, we controlled for time since diagnosis and age at diagnosis, as these variables have the capacity to influence outcome. 23 As expected, reduced-dose CSI+TB boost treatment appears less damaging to white matter than treatment with protocols that deliver more radiation to the brain. Notably, FA and RD may not have differed in the posterior fossa between patient groups, as the trauma associated with surgical excision and radiation delivery is maximal in this region in both groups.
TBSS revealed that patients treated with reduced-dose CSI+TB boost differed less from the controls than the all-other-treatments group. There were also many voxels where the reduced-dose CSI+TB boost group did not differ from the controls. Because this patient group was treated homogeneously, we can infer that treatment with reduceddose CSI+TB boost has the capacity to spare the white matter in some structures, in particular the temporal lobes, internal capsule, and splenium of the corpus callosum. TBSS also revealed many voxels where patient groups differed in FA and RD. However, the potential contributions of age at diagnosis and time since diagnosis could not be ruled out in this analysis.
To consider more directly the impact of dose, age at diagnosis, and time since diagnosis, we conducted voxelwise dose-distribution analyses in a separate cohort of patients. These data provide evidence that decreasing dose and increasing age are associated with white matter sparing.
Unlike volumetric white matter analyses, DTI can be used to evaluate the architecture of neuronal tissue and its pathological changes. FA and RD are thought to reflect the overall white matter and myelin architecture, respectively. 31, 32 Myelin synthesis actively occurs during childhood, 33 and radiation disrupts oligodendrocyte mitosis. 28 Because RD is thought to correspond to demyelination, 12, 32 it is logical that RD differed according to the treatment intensity protocol. In contrast, AD did not differ between the patient groups and controls. This may suggest that axons are less susceptible than myelin to treatment with radiation. Moreover, our TBSS results are consistent with studies that found frontal white matter to be especially vulnerable following whole-brain CSI. 24, 25 
Fig. 2.
Reduced-dose CSI+TB boost treatment is less damaging to the white matter than higher intensity protocols. a: The means and standard errors of FA and RD for the 5 brain regions examined (collapsed across hemispheres) in healthy controls, patients treated with reduced-dose CSI+TB boost, and patients in the all-other-treatments group after controlling for scanner and age at scan. The following are not shown: mean (standard errors) of MD in 1) the all-other-treatments group versus healthy controls in the temporal region (0.000847 [0.0000094] vs 0.000799 [0.0000061]; p < 0.001), occipital region (0.000789 [0.0000094) vs 0.00076 [0.0000061]; p = 0.04), and posterior fossa region (0.000816 [0.000014] vs 0.000747 [0.0000093]; p < 0.001; 2) patients treated with reduced-dose CSI+TB versus all-other-treatments in the temporal region (0.00079 [0.0000093] vs 0.000847 [0.0000094]; p < 0.001); and 3) patients treated with reduced-dose CSI+TB versus healthy controls in the posterior fossa region (0.000791 [0.000014] vs 0.000747 [0.0000093]; p = 0.03). B: The means and standard errors of FA and RD for the 5 brain regions examined (collapsed across hemispheres) in patients treated with reduced-dose CSI+TB boost and all other treatments after controlling for scanner, age at scan, and 2 additional covariates that were not applicable to healthy controls (age at diagnosis and time since diagnosis), and (c) in patients treated with reduced-dose CSI+TB boost and reduced dose CSI+PF boost after controlling for scanner, age at scan, age at diagnosis, and time since diagnosis. *p < 0.05; **p < 0.01; ***p < 0.001.
The white matter sparing we observed is exciting as it may help explain the preserved intellectual function in patients treated with reduced-dose CSI+TB boost. 19 Temporal white matter may be critical to performing cognitive tasks. Indeed, a recent study found an association between radiation dose to the hippocampus and temporal lobes in pediatric patients and a decline in their neurocognitive skills. 27 The present study should be considered in light of some limitations. First, patients treated with reduced-dose CSI+TB boost had the shortest follow-up time from treatment. The degree to which white matter sparing remains over time is unknown; it is possible that white matter indices change slowly over time and that this apparent white matter sparing would gradually diminish. However, we note that time since diagnosis did not predict FA in our voxel-wise dose-distribution analyses. Second, although our sample size was large, it became smaller when stratified by treatment protocol. Third, our sample included participants with various treatment histories. For instance, chemotherapy protocols have changed over the captured time period, and this may be an unavoidable confounding factor. Patients in the reduced-dose CSI+TB group received vincristine, cisplatin, and cyclophosphamide. Patients in the all-other-treatments group were treated on several different protocols and received differing combinations of vincristine, cisplatin, cyclophosphamide, lomustine, etoposide, mechlorethamine, procarbazine, and prednisone. Although chemotherapy has been associated with reduced white matter volume, 5 white matter pathology has not consistently been reported. 6 Lastly, the different image-processing protocols may explain some of the Fig. 3 . Treatment with less radiation spares the white matter in the temporal region. Differences in FA between the medulloblastoma treatment groups and healthy control children are shown. Clusters of voxels with significantly reduced FA (p < 0.05) in patients treated in the all-other-treatments group compared with controls (a), patients treated with reduced-dose CSI+TB boost compared with controls (B), and patients treated in the all-other-treatments group compared with patients treated with reduced-dose CSI+TB boost (c). Clusters are displayed in red and superimposed on the FMRIB FA template. Images are shown in radiological convention. Numbers represent MNI z-coordinates. White arrows indicate areas where the patients in the all-other-treatments group differ from controls, but patients treated with reduced-dose CSI+TB boost do not differ. right: A coronal section from each comparison is provided. Note that there are greater differences between controls and patients in the all-other-treatments group than between controls and patients treated with reduced-dose CSI+TB boost, particularly in the temporal lobes. Only FA is shown, but similar patterns of differences were observed with RD. Cluster details are provided in Table 3 . L = left; R = right. apparent inconsistencies between the regional and TBSS analyses; regional analyses are based on the DTI indices calculated from each participant's anatomical white matter segmentations, whereas TBSS is performed in reference to the white matter skeleton that is common to all participants.
Future directions include 1) understanding how structural changes predict neurocognitive function; 2) clarifying the unique effects of radiation by evaluating children treated with chemotherapy only (e.g., acute lymphocytic leukemia patients); and 3) assessing the implications of medical complications such as mutism and hydrocephalus.
conclusions
We have demonstrated that radiation, whether evaluated according to the treatment intensity protocols or dosedistribution maps, compromises white matter. We also show, not surprisingly, that a younger age at diagnosis is an important factor. We found that reduced-dose CSI+TB boost appears to preserve white matter in some brain regions. The posterior fossa boost delivers more radiation to the temporal lobes than a boost to the tumor bed; 35 our regional and TBSS analyses suggest white matter damage accompanies this increase in exposure. In the context of excellent survival with the tumor bed boost, 19 our findings suggest that the posterior fossa boost be reconsidered.
Our study is the first to characterize the regional effects of treatment intensity protocols on white matter and evaluate voxel-wise dose effects in parallel. Our findings provide a better understanding of radiation-induced white matter vulnerability and suggest there may be a threshold beyond which toxicity increases substantially. Importantly, our findings offer the possibility of superior outcomes for patients eligible for treatment with reduced-dose CSI+TB boost.
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